Fracture in Li-ion battery electrodes is one of the main degradation mechanisms that limit the battery performance and lifetime. Debonding between the active and binder materials damages mechanical integrity, which leads to the loss of active materials and increased resistance. In this work, molecular dynamics (MD) simulation is used to evaluate the strength of the connectivity between polyvinylindene fluoride (PVDF) binder and graphite in the opening and sliding modes. The simulations revealed detailed failure behaviors at the atomistic scale. We have found that the separation occurs at the interface rather than inside the bulk materials, suggesting that the mechanical strength at the interface between PVDF binder and graphite is weaker than that of PVDF or graphite. Therefore, debonding at the interface is critical to the mechanical integrity of the electrode. Our calculations have provided quantitative traction-separation curves, and identified the maximum stresses of 300 MPa and 30 MPa for the normal and shear traction curves, respectively. The traction-separation curves obtained from the MD simulations will provide the critical input for the continuum level cohesive zone model to further study the inter-particle crack propagation in the electrode. Fracture of the electrode material is one of the main degradation mechanisms in Li-ion batteries, 1-4 which causes the loss of electric contact as well as enhances side reactions such as solid electrolyte interface (SEI) formation and dissolution due to the generation of new interfaces. The electrode fracture may occur at various size scales, including crystals, polycrystals, and aggregates.
Fracture of the electrode material is one of the main degradation mechanisms in Li-ion batteries, [1] [2] [3] [4] which causes the loss of electric contact as well as enhances side reactions such as solid electrolyte interface (SEI) formation and dissolution due to the generation of new interfaces. The electrode fracture may occur at various size scales, including crystals, polycrystals, and aggregates. 5 Intercalation-induced deformation in active particles builds a stress field in the crystalline particles and can initiate crack formation. Moreover, the deformation confined by the mismatch of lattice orientation can induce cracks at grain boundaries. In addition to particle interiors, the deformation of active particles can cause fracture at the level of aggregates such as the debonding of binder and particles. The debonding failure of the constituent materials of the electrode is complicated because the electrode is a mixture of several components with different sizes and properties. It is important to understand the interfacial interactions inside the constituent materials in order to mitigate the undesirable failure.
Several theoretical studies have addressed crack problems in the battery system, but most of them have focused on a single particle. 3, [6] [7] [8] For the study of inter-particle crack problems, the cohesive zone model (CZM) is an effective tool since it includes an intrinsic fracture energy dissipation mechanism while the classical continuum-based fracture analysis encounters the problem of stress singularity at the crack tip. CZM has been widely used to model delamination and debonding of composite structures. [9] [10] [11] [12] In CZM, the fracture process is governed by the traction-separation law, which describes the relationship between cohesive traction and separation displacement at the crack tip. It is difficult to discern the traction-separation law directly by experiments because the level of traction typically ranges from hundreds of megapascals to gigapascals; on the other hand, the separation displacements are on the order of nanoscales. Atomistic simulations are useful for capturing fracture behaviors at such small size scales. The stress-strain responses from atomistic simulations can be parameterized to provide the traction-separation curves for CZM.
Several studies have used molecular dynamics (MD) simulations to investigate the traction-separation responses at an interface. For example, the stress-strain responses have been studied at the grain boundary of copper 13 and aluminum. 14 The interface of bi-material systems has been simulated for two BCC materials, 15, 16 the FCC aluminum-silicon carbide system, 17 the aluminum-aluminum oxide system 18 and the graphene-polyethylene system. 19 These studies are c Present address: Department of Mechanical, Robotics and Energy Engineering, Dongguk University-Seoul, 100715 Seoul, Korea. z E-mail: weilu@umich.edu motivated by the increasing interests on the mechanical behaviors at the interface of composite materials, which play an important role in the overall properties of new materials.
In a battery, the inter-particle mechanical strength plays an important role in maintaining the mechanical integrity of the composite electrode. However, the adhesion strengths at the interfaces of binder/active particle and active particle/binder/current collector have not been well studied, especially in comparison to the amount of work available on the mechanical strength of active particles. Recent researches have shown that the adhesion strength between active particles and binders strongly affects the electrical conductivity in composite electrodes 20 and the capacity retention. 21 Moreover, the role of binders becomes more important for high capacity active materials such as Si and Sn, which show a large volume change during charge/discharge cycles. For example, although Si microparticles do not undergo fracture during cycling, significant capacity loss occurs due to the loss of electric contact between particles, which can be prevented by enhancing the adhesion of binders. 22 In this work, we aim to study the mechanical behavior at the interface of graphite and polyvinylindene fluoride (PVDF) binder using MD simulations. Graphite and PVDF are commonly used as anode particles and binders in the current commercial batteries. The stress-strain responses from MD simulations will be parameterized to obtain the traction-separation curves, which can further serve as inputs for CZM to investigate the inter-particle mechanical failure such as debonding between particles and binders in the electrode. This paper is structured as follows. First, the MD simulation methods and the potentials are described. For validation of the potentials, the calculated PVDF density and the wetting angle of PVDF on the graphite surface are compared with experiments. Next, the simulation results are shown for the opening and the sliding modes. Finally, the conclusion is given at the end.
Method
Description of the potentials.-For the PVDF binder, we use the classical potential functions and parameters developed by Oleksiy et al. 23 The van der Waals force and electrostatic energy are considered for non-bonding interactions. The stretching, bending and torsional energy are considered for covalent bond interactions. All the PVDF chains in this study consist of 20 repeating units of (-[CH 2 -CF 2 ]-), and each end is terminated by -CH 3 and -CF 3 , respectively. To validate the potential, we have calculated the density of PVDF. Initially, 20 PVDF chains are placed in parallel in a large system box. The system box is gradually shrunk with discrete steps until the volume becomes smaller than the expected value, which results in a higher density. At each step, the volume is kept the same with the NVT ensemble. Next, the system is switched to the NPT ensemble to calculate the relaxed volume at the atmospheric pressure. The system is annealed by increasing the temperature to 500 K and then decreasing the temperature to 300 K. By calculating the equilibrated system size, the density is obtained as 1.55 g/cm 3 . This value is slightly lower than the known experimental value due to the small molecular weight of the simulated PVDF. 23 After scaling up the number of backbone carbons to the experimental data (simulation: 42 carbons, experiment: 1000 carbons), we obtain a density of 1.62 g/cm 3 . This value is within 2% difference from the experiment density of 1.65 g/cm 3 at room temperature. 23 The agreement confirms the reliability of the potentials used in this work.
The Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO) potential has been widely used for the graphite material. [24] [25] [26] This potential is expanded from the second generation REBO potential 27 by adding a Lennard Johnes (LJ) potential term and a torsional term. The LJ term in AIREBO potential enables the interlayer interaction of graphite. 26 In this work we adopt the AIREBO potential for graphite.
We account for the interaction between graphite and PVDF with the van der Waals force. The LJ form has been widely used to describe interfacial interactions. 24, 28 The LJ parameters for the interaction between graphite and PVDF are calculated by the Lorentz-Berthelot mixing rule without developing additional potentials for the interaction. Following this rule, the values in the LJ potential between A and B atoms are calculated by the arithmetic mean for the zero potential distance, σ AB = (σ AA + σ B B )/2, and the geometric mean for the depth of the potential well, ε AB = √ ε AA ε B B , respectively.
To use the mixing rule for two atoms, the functional form of their potentials should be the same. Thus the Buckingham potential for PVDF is fitted to the LJ potential and the corresponding values of σ and ε are obtained from the curve fitting. In the system, six types of atoms are used to describe PVDF: -H, -F, and four types of carbons -C H2 -, -C F2 -, -C H3 , and -C F3 , while another type of carbon is used to describe graphite. Therefore, six types of interactions between PVDF and graphite should be defined and all of them are calculated by the Lorentz-Berthelot mixing rule. Representative potentials for carbons in PVDF and carbons in graphite are shown in Fig. 1 .
To provide an additional validation, we have calculated the contact angle of PVDF binder on the graphite surface by simulations and compared it with the experimental measurement. The contact angle is calculated using a slab model 29 in our simulation, with the work of separation, W sep , given by
Here σ pvd f and σ graphite are the surface energies of PVDF and graphite, respectively, and σ pvd f/graphite is the interfacial energy between PVDF and graphite; E pvd f −slab , E graphite−slab and E pvd f/graphite−slab are the total energies of the PVDF, graphite and PVDF/graphite slab, respectively, and A is the interfacial area. The Young's equation gives the following relation between the contact angle and the surface energies,
where θ is the contact angle. With Eqs. 1 and 2, the work of separation, W sep , can be written in terms of the contact angle, θ, as
Following Eqs. 1 and 3, the contact angle can finally be expressed as
[4] Each slab model is constructed as a stack of vacuum/slab/vacuum in the z direction. Periodic boundary conditions are used in the lateral directions. In the simulations, 30 PVDF chains and 4 layers of graphite are used. The total energies of the slab models are obtained after the system is equilibrated, which give E pvd f −slab = 2675.9 eV, E graphite−slab = −14257.3 eV and E pvd f/graphite−slab = −11586.3 eV. The interfacial area A is 1244 Å 2 . With σ pvd f = 34.1 mJ/m 2 being the surface energy of PVDF, 30 the contact angle θ is calculated as 32
• . To validate the simulation, we have used atomic force microscopy (AFM) to measure the contact angle of PVDF on the flat basal plane of Highly Ordered Pyrolytic Graphite (HOPG). The PVDF powder was melted on the HOPG surface to form a droplet, and then cooled down for AFM imaging and cross-section analysis. Figure 2 shows a representative AFM image. The contact angle is measured as 33
• . The agreement between the computed and experimental values confirms the potentials and parameters used in the simulation.
MD model and simulation.-A representative MD model is shown in Fig. 3 . The system consists of PVDF chains and four layers of graphite in an ABAB stacking form. Periodic boundary conditions are used in the x and y directions. Five different system sizes are simulated to determine the minimum volume size that can provide the representative cohesive zone parameters. The system size is determined by the number of PVDF chains, as summarized in Table I . The calculations are based on the assumption that the PVDF density is independent of the system size. We keep the molecular weight of a PVDF chain to be same as that in the density calculation. It is challenging to model large polymer chains in a bulk with MD, so our simulations represent the behavior of PVDF with small size of chains. However, we suspect that the effect of chain size on the cohesive 31 which we have used in several calculations. [32] [33] [34] Initially, all PVDF chains are vertically placed above the graphite. As the simulation begins, the chains are agglomerated and attracted to the graphite surface due to interactions. After the PVDF is attached on the surface, the system is heated to 525 K, which is above the PVDF melting point to remove any initial artificial alignment. Then, the system is cooled down to 300 K and relaxed until it reaches equilibrium. A time step of 1 femtosecond is used in all simulations. The Nose-Hoover thermostat and Nose-Hoover barostat are used in all simulations with temperature damping constant of 0.1 picosecond and pressure damping constant of 1 picosecond. The equilibrium simulation is performed with the NPT ensemble at a pressure of 1 bar.
After equilibration, the atoms at the top of the PVDF and at the bottom of the graphite are constrained to serve as boundaries, while a tensile (mode I: opening mode) or a shear (mode II: sliding mode) load is applied on the top boundary. The bottom layer of the graphite is fixed in all directions. In the opening mode, the boundary atoms at the top of the PVDF are constrained only in the z direction with a constant velocity. In the sliding mode, the top layer of the PVDF is fixed in the y and z directions and constrained in the x direction. The opening and sliding simulations are performed with the NVT ensemble. Generally speaking, a high loading rate will affect the exhibited cohesive strength. In our simulations the separation is performed at a rate of 0.2 Å/ps, which is within the typical range of values used in MD simulations.
Stresses are calculated in the form of the virial stress, which is expressed as 35 σ(r) = 1
where is the total volume, m i is the mass of atom i,u i is the time derivative of u i which denotes the displacement vector of atom i relative to a reference position, ⊗ is the cross product, r i j = r j − r i where r i is the position vector of atom i, and f i j is the interatomic force applied on atom i by atom j. The total volume needs to be updated at each time step in the normal separation calculation because the system undergoes a large deformation accompanying the formation of irregular voids inside the PVDF polymer. To calculate the true volume of PVDF, we fill the simulation box with a lattice of imaginary small probe spheres, and then count the number of probe spheres that overlap with any atom in the PVDF. An overlap probe sphere indicates that the volume represented by it is occupied by PVDF. The ratio between the number of overlap probe spheres and the total number of probe spheres in the simulation box gives the volume fraction of PVDF in the simulation box. Therefore, the true volume of PVDF can be obtained by this volume fraction multiplied with the volume of the simulation box, which is known. To check overlapping, we use the atomic radius of each type of atoms in PVDF to define the boundary of an atom. A representative volume change for 30 PVDF chains in the opening mode is shown in Fig. 4 . The volume increases at the initial stage as the system is stretched and shows a peak around the separation of 10 Å. The stress peak occurs at a separation of around 5 Å, so the volume peak happens at a larger separation. The reason for the mismatch of the volume peak and the stress peak is that fracture actually begins to occur just after 5 Å. There is a competition of disconnection due to fracture and the volume increase due to stretching. The former slows down the volume increase by relaxing the stress. Fracture starts to dominate after the separation reaches 10 Å. At this point voids begin to appear and grow continuously, relaxing the internal stresses inside PVDF and causing its volume to decrease. The final volume of PVDF is slightly different from the initial volume, and the difference can be reduced by decreasing the size of the probe spheres. However, the effect of this discrepancy is little because the difference is less than 3% in volume. Moreover, the numerator of the virial stress is already almost zero after the complete separation.
Results
Opening mode.- Figure 5a shows normal traction-separation responses of small size systems (5, 10 and 20 PVDF chains). The normal tractions (σ zz ) and the corresponding separations are averaged over 1ps to reduce the thermal oscillation. The separations are measured by the relative displacements of the top and bottom boundaries. The normal traction increases almost linearly at the beginning of the simulation, which corresponds to elastic deformation. The normal traction reaches a peak of around 0.25 GPa at a separation of 3-4 Å, then decreases continuously to zero at a separation of around 30 Å. The response shows a relatively large fluctuation due to small system sizes. The MD simulations exhibit similar separation behaviors for the three cases. The snapshots of 10 PVDF chains at different separation displacements are shown in Fig. 5b-5f . Initially, the PVDF is stretched without any fracture. The snapshot at a separation of 3 Å is almost the same as the initial configuration (Fig. 5b) . After the normal traction reaches the maximum, debonding of the PVDF chains begins to occur. A hole appears inside the PVDF at a separation of 12 Å, when the true volume reaches the maximum (Fig. 5c) . The hole always emerges close to the interface regardless of the system size, which implies that the mechanical strength is weak near the interface. As the separation continues, the hole becomes larger (Fig. 5d) and a long PVDF column forms (Fig. 5e) . Finally, the PVDF column breaks close to the PVDF/graphite interface, leaving some PVDF on the graphite surface (Fig. 5f) . Although a small amount of PVDF may still remain on the graphite surface, the simulations show that the separation always occurs almost on the interface. Figure 6a shows normal traction -separation responses of large size systems (30 and 40 PVDF chains). Compared to the smaller systems, the large systems show much smaller fluctuations in the curve. In general, as the system size increases, the maximum traction increases and the maximum separation decreases but the change is small. Eventually, the maximum traction converges to 0.3 GPa, and the maximum separation converges to 23 Å. Similar to what has been observed in the small systems, holes start to emerge near the interface with increasing separation (Fig. 6b) . However, the holes appear to grow toward the interface rather than stay inside the PVDF (Fig. 6c) . As the separation increases further, short PVDF columns emerge just above the interface (Fig. 6d) , unlike the long columns observed in the small systems. These short columns hold up most of the PVDF on the graphite surface, resulting in no PVDF left on the graphite surface. Finally, a clean separation between the PVDF and the graphite is observed (Fig. 6e) . The clean separation suggests that the interface is mechanically weaker than graphite or PVDF. Although in very small systems some PVDF may remain on the graphite surface, the separation can be treated to happen on the surface from a practical point of view. We suspect that the small systems are more constrained so that the chains cannot move around on the graphite surface as easily, leading to some residue on the surface. The traction-separation response obtained by the MD simulations can be parameterized for a higher level continuum model such as CZM. The exponential cohesive zone model is derived using the following equation,
where σ c is the maximum traction and δ c is the separation displacement at σ = σ c . 36 Our simulations give σ c = 0.3 GPa and δ c = 5 Å. The exponential traction-separation curve is shown in Fig. 7 . In addition, the work of separation can be calculated by integrating Eq. 6 with respect to the separation displacement. The calculated work of separation from our simulations is 0.4077 J/m 2 . This value is higher than the work of separation for the polyester/graphite interface, which is about 0.2 J/m 2 from theoretical calculations, 37 suggesting that the PVDF/graphite interface is stronger. This value is less than 0.5 J/m 2 , the work of separation for the graphite/graphite interface, 37 which is consistent with our MD simulations showing that the mechanical interaction at the interface is weaker than that in graphite.
Sliding mode.-In the sliding mode, the shear stress (σ xz ) is calculated as the top boundary atoms are moved in the x direction. It is expected that the shear responses of crystalline structures show a periodic pattern because a lattice shift results in the same configuration as before the shift. With the periodic conditions, no separation actually occurs because atoms that move out of the simulation box return to the opposite side. Non-periodic condition can be considered to estimate the separation response. However, the results will be strongly dependent on the simulation size if the system modeled is small such as in nanometers. In this study, we focus on the periodic conditions for the sliding mode.
First, sliding mode simulations are performed with a system size as small as possible, which consists of 5 PVDF chains and 2 layers of graphite for testing whether the predicted periodic shear responses can be obtained. For the test, all graphite atoms are fixed throughout the entire simulation in order to keep a perfect flat surface of the graphite crystalline structure. After equilibrium, all PVDF atoms are also fixed to prevent thermal fluctuation, after which the PVDF atoms are moved in the x direction. This simulation with all atoms frozen (no fluctuation) is performed as a validation of the sliding mode, and the shear stress should reflect the periodicity of graphite. Figure 8a shows the shear stress of the graphite atoms as a function of shear displacement, which gives a periodic pattern where the wavelength of the curve matches that of the graphite structure.
Next, sliding mode simulations are performed for case 4 in Table I , whose size is large enough to show convergence in the opening mode results. After 30 PVDF chains are equilibrated on the 4 layer graphite, the atoms at the top of the PVDF and the atoms at the bottom layer of the graphite are fixed to serve as boundaries, and then the top fixed atoms are moved in the x direction. The shear stress is shown in Fig. 8b . Compared to Fig. 8a , the response shows irregular oscillations with short wavelengths due to the movement of atoms in the PVDF and the graphite. The magnitude of the maximum shear stress does not exceed 0.03 GPa, which is one order smaller than the maximum normal stress in the opening mode.
Conclusions
In this study, MD simulations were performed to evaluate the traction-separation responses at the interface of PVDF binder and graphite active particles. Converged simulation results were obtained for the normal traction-separation responses by increasing the system sizes. The maximum normal traction in the opening mode is almost ten times of the maximum shear stress in the sliding mode. The information from MD simulations was used to extract parameters for the continuum CZM. In addition to quantitative data, MD simulations show how the separation happens through void formation, and suggest that mechanical strength at the interface is weaker than that of graphite and PVDF binder. The computational framework can be used to study the stress responses of other systems such as the interface between the current collector and the composite electrode film, which is another important issue in the mechanical degradation of Li-ion batteries.
